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ABSTRACT
Morphological and quantitative studies were made of r i c e -  and 
co tto n -seed lin g  root sy stem s and of the e ffec ts  of Criconemoides  
onoense Luc 1959 on r ic e - se e d l in g  root sy s te m s .  Branch roots of three- 
w eek-o ld  rice and cotton seed lin g s  showed a regular pattern o f tapering 
along their len gth s ,  with diameters being largest at points of emergence  
from the parent roots and then decreasing  gradually toward the t ip s  
where they  were sm a lle s t .  Rice roots were more uniform than cotton  
roots. Root t ips  of both r ice  and cotton with and without root c a p s ,  
were found paraboloidal in shap e. Their areas were calcu lated  as  
paraboloids with the u se  of linear measurements and appropriate equa­
t io n s .  Root t ips with root caps were c lo se r  to paraboloids in shape  
than root t ips  without root caps . In r ice  see d lin g s  there was a highly 
significant relationship betw een paraboloidal surface areas of root 
tips and c r o s s - s e c t io n a l  areas of root b ases;  in cotton s e e d lin g s  the 
relation w as  not s ign if ican t.
Diameters of three- to f iv e -w e e k -o ld  r ic e -se e d l in g  roots were  
related to root length. When the roots were sm all the diameter 
increased rapidly with in crease  in root length , then the rate of 
diameter in crease  diminished with in crease  in root length until the  
diameter became more or l e s s  con stan t.  Roots of rice seed lin g s  
grown in s o i l  in fested  with C. on oen se  developed a characteristic  
knotty appearance. The roots were shorter and had fewer branches
v i i i
than th o se  grown in nem atode-free s o i l .  Furthermore, th ree -  and f iv e -  
w eek old seed lin g s  grown in nem atode-in fested  so il  showed highly  
s ign ificant reductions in root dimensions including volum e, surface  
area, dry w e ig h t ,  length , and number, and in shoot dry w eigh t.  
Four-w eek-old  seed lin gs  did not show s ign ificant reductions in root 
d im en s io n s . The amount of hydrochloric acid used for coating the 
root system s w as  correlated s ign ificantly  with their ca lcu lated  surface  
a r e a s . Root volume determination by two methods provided a check on 
the 'accuracy of detailed  measurements of root d im en s io n s .
ix
INTRODUCTION
Soil nematodes are microscopic s p e c ie s  belonging to  a d iscrete  
c la s s  of anim als. S ince  they occur naturally underground, the resu lts  
of their a c t iv it ie s  may or may not provide a b a s is  for their  d etection .  
Interest in  th is  group of animals i s  greatly stimulated i f  some of them  
attack or cau se  injury to econom ic plants. Many nematodes are known 
to cau se  damage or growth reductions in p lants through their  e ffects  on 
roots and other underground p a r ts . The study of nematode action on 
root system s and the response of the host a re ,  therefore, keys to  
the understanding of the pathologic and econom ic s ig n if ica n ce  of 
plant-parasitic  nem atodes.
The work reported here i s  a quantitative evaluation of r ice -  
and cotton-seedling root system s and of the action of a plant-parasitic  
nematode on rice (14). It dea ls  with some morphological ch aracteris­
t ic s  of r ic e -  and co tto n -seed lin g  root s y s t e m s , and a lso  with the 
effects  o f  a ring nematode, Criconemoides on oen se , Luc 1959 on 
r ic e -se e d lin g  root s y s t e m s .
1
REVIEW OF LITERATURE
There are few references in the literature concerning quantitative  
stu d ies  either on root system s or on nematode-root re la tions . During 
the past few d ecad es  several investigators have made efforts to unveil 
the quantitative underground picture of plant l i f e .  Some of th ese  
stu d ies  had the objective  of determining the e ffic ien cy  of certain  
g r a sse s  as so i l  binders; others were concerned with the e f fe c t s  of com­
petition on the quantity of roots produced by p la n ts , and s t i l l  others 
derived from an interest in the dimensions of plant root s y s t e m s .
Quantitative Studies on Root System s
Pavylechenko, 1937 (22) is  one of the first investigators to attempt 
a quantitative survey of the roots of certain common w eeds and crop 
plants under f ie ld  conditions to determine their competitive p ow ers . He 
reported the to ta l root length of several fie ld  g r a sse s  growing free of 
competition -  nam ely, wild oats (Avena fa tu a , L .) ,5 4 .3  m iles; Marquis 
wheat (Triticum aestivum , L .) ,  4 4 .2  miles; and Prolific spring rye 
(S eca le  c e r e a le , L . ) ,  4 9 .1  m i le s . The survey of the root system s of 
th e se  p lants, however, did not include all roots . Pavylenchenko sta tes  
that there were "further subdivisions"  which were neither counted nor 
measured. Had th e s e ,  the quaternary roots , been  included, the total 
figures would certainly have been much higher.
Dittmer, 1937 (7) made a quantitative study of the number, length,  
and tota l exposed  surface area of the roots ancT root hairs of four-month-  
old rye plants (S eca le  c e r e a le , L.) grown in b o x es  in a plant h ou se .  
Counts were made by root ca tegories  (main, secondary, tertiary, and 
quaternary) to determine the tota l number of th e se  roots by ranks . The 
13,815 ,672 roots had a total length of about 387 miles and a surface  
area of 2 ,554 square fe e t .
In another study Dittmer, 1938 (8) reported that oats (Avena 
sa t iv a ,  L.) would ex p o se  a surface of 15 square inches of roots and 
root hairs per cubic inch of s o i l . Corresponding va lues for rye and 
blue grass  (Poa p r a te n s is , L.) w ere 30 and 65 .
In 1959 the same investigator (9) published a formula by means 
of which the approximate total length of an individual main root which 
had been  broken can be obtained. This formula which is  b ased  on the  
root being an elongated cone i s  as  follows:
L id  
L =  d— !  '
where d = diameter of root at b ase  of p lant,
d^ = diameter o f  the d is ta l  broken end of the root,
Lj = the actual length of recovered portion of the root,
L = the to ta l projected length of the root.
Dittmer te s te d  th is  formula on sev era l plants and in every c a s e  the error 
w as l e s s  than 10 per cent of the actual total length of the root.
Quantitative Nematode-Root Relations
Chitwood, 1951 (5) studying quantitative relations of M eloidogyne  
hapla Chitwood 1949 with certain vegetab le  plants found that the v isua l  
root gall index  increased  with quantity of inoculum. He concluded that 
there i s  a com plicated interaction of quantity of inoculum, quantity of 
roots at date of Invasion, and response of the plant variety to attack  
by the nematode.
Roman, 1961 (24) investigating  the pathogenicity  of f ive  iso la te s  
of root-knot nematodes (M eloidogyne spp .)  to sugarcane roots , made 
quantitative stud ies on roots by categories  (primary, secondary, and 
tertiary) and of the numbers of nematodes in various recognizable  
sta g es  in the roots. He determined the number of g a l l s , the number 
of lateral r o o t s , and the number of cortical c a v it ie s  or p i t s . These  
data were recorded for the first centimeter from the root apex, and the  
next 1-3 cm , 3-5  cm, and 5 -7  cm back from the a p ex .  In general, it 
w as noted that, in each root category, the h ighest number of nematodes  
of a ll  s ta g es  per centimeter of root usually  occurred in the first c e n t i ­
meter from the root ap ex . Roots of inoculated plants had distinct  
curvatures which were most pronounced in the h ig h ly -g a lled  roots.
Townshend and D avidson , 1962 (27) working with some w eed  
hosts  of the northern root-knot nematode M_. hapla in Ontario, Canada, 
reported that variation in the s iz e  of the small typ ica l g a lls  caused  by 
the nematode were p o sit iv e ly  correlated with the th ick n ess  of the
in fested  roots of the h o s t .  Abnormally large g a lls  found on a few 
s p e c ie s  of w eed s  were due to multiple in fections by the nematode.
H o ll is ,  1963 (14) developed  a theory of nematode-root re la tions ,  
b ased  on a quantitative treatment of p lant-parasitic  nematodes and 
host root s y s t e m s , with em phasis on separation of parasit ic  and patho­
gen ic  action and relation of root diameter to nematode attack and 
developm ent. Approximations to real root system s were derived from 
a cylindric m odel, of constant vo lu m e, with length and area related  
to root diameter. Area w a s  taken as the curved surface o f  a cylinder  
e x c lu s iv e  of e n d s ,  s in c e ,  it w as assum ed that root-tip area is  
ca n ce lled  by that portion of the parent root masked by branch-root 
em ergence. He d istinguished  parasitic  action on the host by sp a r se ­
n e ss  and yellow ing  of the root system  and pathogenic action by 
n ecrosis  and growth malformation.
Madamba, S a sse r ,  and N e lso n , 1965 (19) reported on in v e s t ig a ­
t ions that were designed  to characterize and measure the types  of damage 
cau sed  by various sp e c ie s  of root-knot nematodes on unsuitable or non-  
congenia l host p lants . S p ecia l em phasis w as g iven  to measurements of 
p h ysica l changes in the root system  resulting from nematode invasion  
and the influence of th ese  changes on overall growth of the plant. They 
found that measurements of lateral roots arranged into various c l a s s e s  
indicated significant reductions in numbers and lengths of certain  
ca teg o r ie s .  In cotton (Gossypium  hirsutum L.) secondary roots in fected
with M eloidogyne iavanica (Traub 1885) Chitwood 1949 were found to 
be much shorter than those  of the c o n tr o ls , but numbers were not 
s ign if ican tly  different in the two treatments . The number and length  
of primary and tertiary roots of tobacco (Nicotiana tabacum L.) 
seed lin g s  grown in so i l  in fes ted  with M eloidogyne incognita (Kofoid 
and w hite  1919) Chitwood 1949 were not s ign if ican tly  different from 
those of controls seven  days after in ocu la tion , but were generally  
shorter and fewer 14 days after in ocu la tion . Secondary roots were  
much shorter and fewer than those  of the controls after 7 and 14 days,  
re sp e c t iv e ly .
A lhassan (1) and A lhassan and H o llis  (2), 1965-1966 , studying  
parasitism  of Trichodorus ch r ist ie i  Allen 1957 on cotton seed lin g s  
reported that high populations of the nematode cau sed  s ign ificant  
reductions in root w eigh t, volum e, area , and number of branch roots.  
They a lso  reported that the total root tip feeding area w as in verse ly  
related to the s iz e  of both in it ia l  and fina l populations of T . c h r is t ie i .
Parasitism and Pathogenicity of Criconemoides S p ec ies
Ring nematodes of the genus Criconemoides are short, s tout, and 
heavily  annulated anim als, having a unique appearance ea sy  to recog­
n ize .  They are s luggish  nematodes with a stylet which i s  very long in 
proportion to the length of the body. According to Goodey 1963 (10),
44 s p e c ie s  of Criconemoides have been named and described .
Criconemoides s p p . are external parasites  that feed  at root t ips  
and along the s id es  of roots w ith , at most, only the anterior end of the  
body embedded. They have been  found in many parts of the world and 
around the roots of many different kinds of plants (6).
Chitwood, 1949 (4) su sp ected  that C_. s im ilis  w a s  an important 
factor in the decline and poor growth of peach trees in  certain orchards 
in  Maryland and North Carolina. Machmer, 1953 (18) reported that a 
fairly high population of Criconemoides sp .  w as  a s so c ia te d  with 
"peanut yellow s"  in central east  Georgia. Atkins, F ie ld ing, and 
H o ll is ,  1955 (3) made a survey of the occurrence of nematodes in the  
rice areas of Texas and Louisiana. An undescribed s p e c ie s  of 
Criconem oides was found in two samples from Louisiana and w as  
b elieved  capable of causing  damage, s in ce  it w as found in a s so c ia t io n  
with rice roots . Graham, 1955 (11) tested  the effect of a Criconemoides  
sp .  on the growth of tob acco  and Spanish peanuts (Arachis hypogaea  
C v. Spanish peanut) and reported that for both crops the height and 
the green weight of roots and tops of in fected  plants were reduced.  
Peanut plants showed considerable root decay; in tobacco roots the  
decay w as very l i t t le .  Sher, 1959 (25) in fumigation experiments  
found that Criconemoides xenoplax Raski 1952, markedly reduced the  
root system  and caused  stunting of carnations . In s o i l  in festation  
experim ents, Criconemoides - inf ec ted  carnations showed highly s ig n i ­
ficant reductions in growth, root system , and flower production.
8
Examination of the nem atode-in fected  carnation roots showed numerous 
Criconemoides attached to the roots . Lownsbery, 1959 (16) in in o cu la ­
tion experiments found that final w eights  of three-m onth-old  peach  
seed lin g s  grown with C_. xenoplax were not related to the numbers of 
nematodes added in it ia l ly .  However, the peach root produced at the 
highest population density  of C . xenoplax did have a sh e lf - l ik e  form 
different from root system s of control p la n ts .
Luc, 1959 (17) described two new s p e c ie s  of Criconem oides from 
sam ples of s o i l s  and roots of plants from East Africa and M adagascar.  
One of th ese  two s p e c ie s ,  C . o n o e n s e , w as  parasitic  on pineapple in 
a ll plantations in Cote d'Ivoire. Numerous fem ales were observed  
stick ing out on the roots of pineapple and w ere distributed at random 
over the root surface . He found the same s p e c ie s  a lso  in the v ic in ity  
of banana roots in G uinea.
Streu, 1960 (26) found that Criconem oides curvatum Raski 1952 
used for artific ia lly  infesting rooted carnation cuttings in autoclaved  
so i l  cau sed  reductions in root fresh weight which corresponded with  
population in crea ses  of the nematode (from in it ia l  250 to 3 3 ,0 0 0  in  
s ix  months). Roots of inocu lated  plants appeared smaller in diameter 
and were more branched and brittle than check  roots . M icroscopic  
examination of stained s e c t io n s  from infected  roots showed that some  
nematodes fed as ec top arasites  in cortical or epidermal c e l l s  , and 
some were within c a v it ie s  feeding on cortica l c e l l s  near the s t e l e .
9
Staining reaction of th e se  in fected  c e l l s  w as different from unaffected  
c e l l s  , indicating chem ical changes .
Heald and Jenkins, 1963 (12), how ever, reported that s ix -m onth-  
old plants of I lex  glabra Gray, Berberis iuliana S c h n e id . , and Pieris  
japonica D . Don, inoculated  with 10, 000 w ash ed  C . curvatum each  
showed no d ifferences in w eight betw een  in fested  and noninfested  
plants , and nematode populations did not in c r e a se .
Odihirin and Jen k in s , 1964-1965 (20, 21) studying the host  
parasite relationship  of Impatiens balsam ina L. and Certain nematodes  
stated that C . curvatum cau sed  only s light reductions in the fresh w eight  
of the plants (19% reduction in shoot weight) in sp ite  of the fact that the  
nematode population in creased  35 tim es in two months. They concluded  
that it seem s that_C_. curvatum is  "parasitic but not strongly pathogenic  
to b a lsam . "
MATERIALS AND METHODS
1. Root Tip Area Measurements
This part of the study w a s  made on the seed lin g s  of both r ic e ,  
Oryza sativa  L. variety La C rosse  and cotton , G ossypium  hirsutum L. 
variety Auburn 5 6 .  Plants were grown in 1 x  1 x  1 foot w ooden boxes  
f il led  with a s tea m -ste r i l ize d  (autoclaved) so i l  mixture com posed of 
one part builder's sand and two parts greenhouse s o i l .  The boxes  were  
made e sp e c ia l ly  for this study with marine plywood s id es  and redwood 
bottom. One s id e  w as  fixed by hinges and hooks to serve as  a door. 
Several s eed s  were planted in the middle of each box. Seed lin gs  were  
thinned to three per box after em ergence. The so i l  w as kept moist by 
watering regularly with tap w ater. The boxes w ere.kept on a bench in  
the greenhouse.
When the seed lin g s  were about three w eek s  o ld , roots were 
carefully extracted from the so i l  by opening the door of the box and 
washing the so il  off the roots gently with a light stream of water after 
tilting the box to minimize damage to the roots . The seed lin g s  were  
put in water immediately after extraction and taken to the laboratory.
In the laboratory the seed ling  tops were cut off at the so i l  line  
and each root system  was p laced  in water in a petri d ish .  The roots 
were thoroughly c leaned  from so il  partic les  and other debris using a 
pair of fine tw eezers  and a cam el's  hair brush. Each root system  w as
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then cut into sec t io n s  of su itab le  s ize  and placed in petri d ish es  with  
a thin layer of water and spread out for m icroscopic measurem ents.
A camera lucida w as s e t  up and the root sec t io n s  in the petri 
d ish es  were placed on the stage  of the m icroscope. The low power 
objective  w as used for the cotton-root measurements whereas the high 
power objective  w as u sed  for the finer rice roots. A 10X ocular w as  
used  in both c a s e s  and the magnification of both ob jectives  was obtained  
with a calibrated stage  micrometer.
Seven seed lin g s  were used  from each of the two plant s p e c ie s  
and ten or twenty roots were measured from each seed lin g .  The 
measurements were made on secondary and tertiary roots s e le c te d  at 
random from the root system  of each  seed lin g .  Only in tact, undistorted  
roots were measured. After a sp e c if ic  root was se le c te d  for m easure­
ment, camera lucida drawings were- made of i ts  tip .(including the root 
cap), a portion in the middle and a portion of the base at its  point of 
emergence from the parent root.
Measurements were taken from th ese  drawings with a metric 
ruler. These measurements were: diameter of root tip (DRT), length  
of the root tip (LRT), diameter of the root base  at the point of emergence  
(DBo), diameter a short d istan ce  from the b ase  (DBi), diameter in  the 
middle of the root (DB2) , and diameter of the parent root (DPR). The 
root tip w as arbitrarily defined in th is study a s  that portion of the  
meristematic t is su e  behind the root cap where the length (X) equals  
the diameter. The length of the root tip (LRT) is  the length of the
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meristematic region (X) plus that of the root-cap . DB^ w as taken as 
the diameter of the root a short d istance from the b a se  where the 
diameter becom es relatively  constant (F igs. 1 , 2 ) .
The planar areas of the root tips with and without root caps were  
then measured on the drawings with a polar planimeter. The same areas  
were ca lcu lated  as parabolas using the mathematical formula:
Planar area = 2 /3  (base) (height)
The surface areas were a lso  obtained by ca lcu la tion  using the formula: 
Surface area of paraboloid =
- J L a i  F ( l +  4ĥ _ , 3 / 2  _ X-1
6h2 *- a2 -*
h = height; a = 1/2 b a se
The area of the b a se  at the point of emergence (ABg) as  w e l l  as  that
area a short d istance  from the point of emergence (AB )̂ were ca lculated
as c irc les  from their diameters DBq and DB^, r e s s p e c t iv e ly .
Correlation and s in g le  linear regression  a n a ly ses  were made
betw een the ca lcu la ted  planar areas of root tips and those areas
obtained by actual measurements with the planimeter. Correlation and
regression  co e ff ic ien ts  and simple ratios were a lso  ca lcu lated  between
areas of root b a se s  and surface areas of root tips .
2 . Root D im ensions and Nematode Action
In th is  part of the work rice plants variety La C rosse  were grown
in the greenhouse in a mixture composed of one part builder's sand and
two parts greenhouse s o i l .  In the control plantings th is  so i l  mixture 
w as steam  s te r i l iz e d ,  whereas in the inoculated s o i l  one-fourth of the 
mixture by volume w a s  made up with nem atode-in fested  rice f ie ld  so i l ,  
containing predominantly C riconem oides onoense Luc 1959. Before 
the experiment w a s  started, a nematode count w as made on th is  so il  
to determine the to ta l number of nematodes and the number of individual 
p a ra s ites .  The s o i l  w as mixed thoroughly and s ix  25 0 cc sam ples were 
w a sh ed , using a screening technique involving triple 300 mesh screens  
in a racked se r ie s  and "ederol" filter paper. The latter w as  fitted  on 
a p la s t ic  sc r e e n -b a se  frame in  a petri d ish  (13). The nematodes were 
counted in a Syracuse watch g la s s  in which o n e -sev en th  of the area 
w as marked as tw o crossing  rectang les  (15). A binocular d isse c t in g  
microscope was u se d .
Plants were grown in 8 - in ch  p o ts ,  10-inch p o ts ,  and the one 
cub ic-foot boxes described ab ove . Several rice grains were sow ed  in 
each container and thinned to four seed lin g s  after em ergence. The 
so i l  w a s  kept m oist with tap w ater .
Plants in th e  8 -inch pots were extracted at the age of three  
w e e k s ,  those in  th e  10-inch pots at four w e e k s ,  w h ile  th ose  in  the 
boxes were extracted at five w e e k s  after p lanting . Plants in pots were 
extracted by w ash ing  the so i l  off the roots s lo w ly ,  and gently t ilt ing  
the pot to avoid a s  much damage to the root system  as  p o s s ib le .
Plants in boxes w ere extracted in the manner described prev iously .
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At the end of each growth period a count of total and plant-parasitic  
nematodes was made on all treatm ents.
The roots of the four seed lin gs  from each container were separated  
carefully from each other and then c leaned  as previously described .  
Seedlings with c lean  roots were then placed in d ist i l led  water in beakers  
and held ready for m easurem ents. These measurements included: an 
acid-dip  te s t  on roots , number of roots in several length c l a s s e s ,  
diameter of roots in several length c l a s s e s ,  root volume, root dry 
w eigh t, and shoot dry w eight.
The acid-d ip  te s t  was modified from that used  by Alhassan (1) to  
g ive  an estim ate of the surface area of the root system . It w as per­
formed in the following manner. The root system  w as dipped in three 
changes of d ist il led  water and then in two changes of 0 .1  normal 
hydrochloric ac id . The roots were allowed to drip e x c e s s  acid  for 
one minute and then w ashed in three changes of d is t i l led  water. Two 
drops of pbenolphthalein were added to the wash water in a beaker 
and the contents were neutralized, with 0 .0 1  N sodium hydroxide 
solution in order to g ive  va lues  for calcu lations of the amount of acid  
coating each root system . After th is  t e s t  was completed the shoot 
w as cut off and put in the oven for dry weight determ inations.
To get a measurement of the numbers and lengths of roots, each  
root system  w as spread out in 3 x  15 x  20 inch g la ss  trays made 
e sp e c ia l ly  for th is  purpose. A cardboard divided into squares, each
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each of two cm^, w a s  placed underneath the tray and the roots were  
lined up in a regular pattern to fac ilita te  their measurement. Roots 
were measured and counted in length c l a s s e s  as fo llow s: 0 - . 5 ,  . 5 - 1 ,  
1 -2 ,  2 - 4 ,  4 - 6 ,  6 - 8 ,  8 -1 0  cm, e t c .  Starting with the third c la s s  the 
number of roots in each  c la s s  w a s  actually  counted, whereas in the  
first two c a l s s e s  the numbers were estim ated . The first seminal 
primary root w as measured f ir st ,  fo llow ed by adventitious roots and 
then secondary, tertiary, and f in a lly  quaternary roo ts ,  i f  present.
The average diameters of branch roots were measured with a 
calibrated ocular micrometer under the m icroscope. M easurements w e r e - 
confined to  a re la tive ly  small number of roots in each of the severa l  
length c l a s s e s .  Diameters of the primary and adventitious roots were  
measured in the same w ay .
From th e se  m easurem ents, the  tota l number of ro o ts ,  tota l root 
len g th , tota l root volume and tota l root surface area of each root 
system  were obtained by ca lcu la tio n .
The total root volume and tota l root surface area w ere obtained  
by summing up va lu es  for individual roots ca lcu la ted  on the b a s is  of 
the root being e s s e n t ia l ly  cylindrical in shape using the formulas:
Volume of a cylinder = I T  r  ̂h
Surface area of a cylinder e x c lu s iv e  of ends = 2 1Trh
The root tip area (calculated  according to the relationship found
in the first part of the work betw een  the area of the b a se  of the root 
and area of i ts  tip) w a s  added to the area of each individual root.
16
Total root system  volume w as determined a lso  by a method based  
on the principle of water d isp lacem en t. For th is  purpose a G ay-L u ssac  
sp e c if ic  gravity bottle  with a grooved ground-g lass  stopper w as f il led  
with d is t i l led  w a te r , stoppered, and the e x c e s s  water w as  allow ed to  
squirt out of the canal in the stopper. The bottle w as  then dried 
thoroughly on the outside and w e ig h ed . It w as then opened and the 
root system  w as dropped carefully in s id e ,  the bottle w as  stoppered  
again and redried. The bottle  w as  then opened and the root system  
w as removed with a pair of fine tw eezers  and b lo tted  betw een two filter  
papers. The bottle  and the filter papers were then w eighed  and the  
amount o f water d isp laced  by the root system  w as obtained by sub­
traction. This amount is  equivalent to the root volum e. After its  
volume w as  determined, the root system  w as placed  in the oven  for 
dry w eight determination.
S ta t is t ica l  a n a ly ses  were made on the data obtained from all  
measurements. The two treatments of each seed lin g  age (nematode-  
in fested  and nematode-free) were analyzed  as a separate experiment 
except for the f iv e -w e e k -o ld  see d lin g s  data which were analyzed  as  
two separate experiments in order to reduce variation due to posit ion  
of plants with resp ect  to l ig h t .
Correlation and s in g le  linear regression  a n a ly ses  wer4 made on 
the data obtained betw een the ca lcu la ted  surface area of root system s  
and the volume of NaOH 0 .0 1  N required to neutralize the acid  coating .
RESULTS
1. Root Tip Area Measurements
Table 1 show s the average of r ic e - se e d l in g  linear m easurem ents. 
Each figure i s  the average of 2 0 roots . Average linear measurements  
for cotton are shown in Table 2 . In seed lin g s  1 and 7 each figure i s  
an average of 20 roots whereas in see d lin g s  2-6  each figure i s  an 
average of 10 roots . These data show that branch roots of both plants  
have their largest diameters at their b a s e s , at the point of emergence  
from the parent root. The root generally  tapers immediately after that 
point (DB^) and then the diameter becom es more or l e s s  regular until 
a short d istance from the t ip .  Rice roots show more uniformity of 
diameter in th is  area than cotton  roots . C lo se  to  the root tip where  
the t i s s u e s  are generally in developmental s ta g es  the diameter 
d ecreases  again , and under ordinary conditions o f growth, the 
diameter of the root i s  minimal at its  t ip .
Tables 3 and 4 give a sample of the actual measurements and 
ca lcu lations made on each root that w as  studied for both rice and 
cotton . Measured planar areas of root t ip s  with and without root 
caps agree fairly c lo s e ly  with the same areas of paraboloids c a lc u ­
lated from diameter and length even  though the measured areas were  
almost always s ligh tly  higher than the ca lcu la ted  areas . This r e la ­
tionship is  shown clearly by the regression  and correlation c o e ff ic ien ts
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(Tables 5 and 6 ). The ca lcu lated  planar root tip areas showed an almost 
perfect p o s it iv e  correlation with the same areas measured with the  
planimeter. The regression  co e ff ic ien ts  of the ca lcu la ted  areas on 
the measured areas were a ll  highly s ign ificant (at 1% le v e l  of  
probability). For rice root t ips with root caps the regression  c o e f f i ­
c ien ts  ranged from 0 .8 8 4  to 1 .0 7 0 ,  w hereas without root caps the  
regression  co e ff ic ie n ts  varied from 0 .8 2 5  to  0 .9 0 1 .
In the c a s e  of cotton seed lin gs  (Table 6), the regression  c o e f f i ­
c ien ts  for root tips with root caps (calculated on measured) ranged from 
0 .706  to 1 .058  w hile  the range w as 0 .6 7 7 -0  .896 for root t ips  without  
root c a p s .
In Table 7 i s  presented a summary of th e se  relationsh ips  for 
both plants by using the average va lu es  of roots of each seed lin g  instead  
of va lu es  from individual roots for the ca lcu la tion  of regression  and corre­
lation c o e f f ic ie n t s .  Here a lso  the calculated-planar areas of root tips  
with and without root caps showed the same near perfect p o s it iv e  
correlation with measured a rea s ,  and the regression  co e ff ic ie n ts  were  
a lso  highly s ig n if ic a n t . These resu lts  ind icate  that root t ips  of rice  
and cotton , with and without root c a p s ,  are e s s e n t ia l ly  paraboidal in 
sh ap e . When root caps were included , the regression  co e ff ic ien ts  
were c lo se r  to one than when they were not included; that i s ,  they more
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c lo s e ly  approximated a paraboloid. The regression  equations3 c a lc u ­
lated from the averages are:
Rice:
Root tips with root caps Y = 0 .8 9 3  X + 13 .0
Root t ips  without root caps Y =  0 .8 5 6  X + 2 4 1 .7
Cotton:
Root tips with root caps Y = 0 .9 1 4  X + 1 7 6 8
Root t ips  without root caps Y = 0 .8 4 6  X + 4 2 8 .9
Tables 8 ,  9 , 10 and 11 show the relations betw een surface areas  
of rice and cotton  seed ling  root t ips  with and without root caps and 
cross sec t io n a l  areas of their root b a se s  as show n by regress ion  and 
correlation c o e f f ic ie n t s .  In the c a s e  of rice a l l  p osit ive  correlation  
and regression  co eff ic ien ts  were highly s ign if ican t for a ll  seed lin g s  
measured. The regression  c o e f f ic ie n ts ,  how ever, were var iab le . In 
cotton , four seed lin g s  out of seven  showed c o n s is te n t  s ig n if ica n ce  in 
the regress ion  and correlation c o e f f ic ie n ts .
Table 12 summarizes the relationsh ips betw een  seed lin g  root tip 
surface areas and areas of their root b a se s  for both plants using the  
averages of seed lin g  v a lu es  instead  of va lu es  from individual roots 
for the ca lcu la tion  of the regression  and correlation c o e f f ic ie n t s .  For
aC alcu lated  va lues on measured va lues  in  square m icrons.
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rice see d lin g s  a ll regression  and p osit ive  correlation co e ff ic ie n ts  are 
highly s ig n if ica n t,  but none are s ign ificant for cotton s e e d l in g s .
The regression  equations ca lcu la ted  from rice seed lin g  averages
are:
SARTonAB0a Y = 2 .213 X + 838 .6
SAMR on ABq Y =  1 .639  X -  26 4 .5
SART on ABx Y = 2 .7 1 4  X + 3300
SAMR on AB: Y =  2 .0 0 6  X + 15 96
These relations ca lcu la ted  as  simple ratios from the rice seed lin g  
averages are:
SART/AB0a = 2 .286
sa m r / a b 0 = 1 .616
SART/ABi = 3 . 1 0 4
SAMR/AB i = 2 .1 9 4
2 . Root D im ensions and Nematode Action
Effect of Criconem oides onoense on rice seed lin g s :
Root system s of rice seed lin g s  grown in s tea m -ste r i l ize d  so i l  
c o n s is t  typ ica lly  of a re la tive ly  long primary sem inal root which  
develops from the rad ic le , a number of adventitious roots originating
aSART, SAMR -  surface areas of root t ip s  with and without root 
c a p s ,  resp ective ly ;  ABq . ABj_ -  b asa l cross  s e c t io n a l  areas of root, 
resp ec t iv e ly  at point of root emergence and at point a short d istan ce  
from b a se  toward t i p .
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at the b a se  of the stem {the number depending on the age of the plant) , 
and branches of th e se  roots . Only one primary seminal root developed  
in th is  variety of r ic e .  All roots appeared to have uniform diameter 
throughout their len g th s ,  tapering only s ligh tly  toward their tips . No 
knots or other abnormalities were s e e n  on the roots (Fig. 3).
Tables 13, 14, and 15 show the average diameters (DB2 ) of roots 
of various ca te g o r ie s .  Figure 4 show s the relation betw een branch 
root diameter (DB2) and length . When branch roots are sm all,  the  
diameter in crea ses  rapidly with in crease  of root len gth . The rate of 
diameter in crease  dim inishes as  the root length in crea ses  until the  
diameter becom es more or l e s s  con stan t .  Branch roots are distributed  
uniformly along the primary roots in acropetal arrangement, the  
branches being smaller and younger toward the t ip .
Rice plants grown in so i l  in fes ted  with C . onoense  were  
generally  stunted and reduced in s iz e  in comparison with th ose  grown 
in  s ter ile  s o i l .  In addition to being sm aller, the root system s showed  
symptoms that were characteristic  of plants grown in in fes ted  so i l  
(F igs. 5 , 6 ) .  The growth of the primary sem inal root w a s  apparently 
checked early in the l ife  of the seed lin g  and i t s  tip w a s  thickened and 
distorted . A secondary root branching from the primary root c lo s e  to  
the distorted tip then grew out as an ex ten sion  of the primary root and 
took over i t s  ro le .  After growing for a d is ta n ce ,  which varied from one 
root to another, branch root growth w as a lso  stopped and th is  sequence
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w as repeated severa l t im e s ,  depending on seed lin g  s iz e  and a g e .  The 
s u c c e s s iv e  roots which made up the "primary" root had fewer and 
shorter branches than primary roots on healthy p lan ts .  Other adventi­
t iou s  and branch roots showed similar patterns of developm ent. The 
affected  root system  had an abnormal appearance, with lit t le  knots  
or th ickenings irregularly distributed along its  roo ts .  No change in  
color or n ecros is  occurred in  these  r o o t s .
Tables 16-23 show data obtained from measurements and c a lc u la ­
t ions made on r ice  s e e d l in g s .  These measurements and ca lcu la tion s  
correlate p o s it iv e ly  with each other for each se e d lin g .  The correlation  
and regression  c o e ff ic ien ts  of the volume of NaOH 0 .0 1  N (required to 
neutralize the 0 . 1 N  HC1 coating the root system s) on ca lcu lated  areas 
of the root system s are shown in Table 24 . Except for the th ree -w e ek -  
old seed lin g s  that were grown in nematode in fes ted  s o i l ,  a ll the 
p o sit iv e  correlation co e ff ic ien ts  and regression  co eff ic ien ts  were  
highly s ig n if ica n t .  When the combined data were analyzed , both 
co eff ic ien ts  were a lso  highly s ign if ican t,  indicating that the amount 
of NaOH used can  be taken as a relative measure of the surface area
of the root sy s te m . The regression  equation of m illiliters NaOH 0 .0 1 N
2
on the surface area (cTn ) i s :
Y = 0 .1 2 8  X + 1 .245  
Measured root volum es generally were somewhat higher than 
th ose  of the ca lcu lated  volum es in the same s e e d lin g .  This is
23
probably b eca u se  the b asa l portion of the stem as w e l l  as the germinat­
ing grain were included when the volume w as  measured w hereas the 
ca lcu la ted  volume w as  based  on the root d im ensions a lo n e .
The root-shoot ratio w as  h ighest in th r e e -w e e k -o ld  s e e d l in g s ,  
fo llow ed by that of fou r-w eek -o ld  s e e d l in g s ,  then the f iv e -w e e k -o ld  
seed lin g s  in w hich  the ratio w a s  lo w e s t .
Table 25 shows the s ta t is t ic a l  s ig n if ica n ce  of the resu lts  pre­
sented  in Tables 1 6 -2 3 .  When the data from th r e e -w e e k -o ld  seed lin g s  
w ere analyzed s ta t is t ic a l ly ,  there w as  a highly s ign if ican t difference  
in  a ll  c a se s  betw een the control treatment and that w ith n em a to d es .
The nematode caused  a highly s ign if ican t reduction in the root system  
surface area, volum e, w eigh t, to ta l number of roo ts ,  total root length ,  
and shoot w e ig h t .  The reduction w as  betw een  30 and 50 per cent for 
most of the v a r ia b le s .
Four-w eek-old  seed lin gs  data did not show s ig n if ic a n c e  in the 
differences betw een  the control and the nem atod e-in fested  treatm ents.
F iv e -w eek -o ld  seed lin g s  were divided into two groups s in ce  
they showed two different s e t s  of r e su lt s ,  according to their posit ion  
with regard to l ig h t .  One set w a s  c lo s e  to the door o f the greenhouse  
where it  received  more light causing  the plants to grow better than the  
other se t  which w as  away from the door. The ligh t-favored  f iv e -w e e k -  
old seed lin gs  show ed differences betw een  the control treatment and 
that with nematodes which were either s ign ificant or highly s ign ificant
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in a ll the measurements except that of the measured volum e. The 
f iv e -w e e k -o ld  seed lin g s  that were not light-favored  did not show any 
sign ificant d ifferences except irfthe volume of NaOH.
Table 26 show s the relationship  betw een numbers of onoense  
and tota l surface area of rice seed lin g  roots . There were f ifteen  nema­
tod es  per square centimeter of the root surface area in th ree -w eek -o ld  
s e e d l in g s ,  eight nematodes for four-w eek -o ld  seed lin g s  and 26 for 
f iv e -w e e k -o ld  s e e d l in g s .
Table 27 show s the average in it ia l  and final numbers of C .  
o n o e n s e . Percentage in crea ses  in the nematode population were 1 1 .5 ,
1 1 .5 ,  and 109 .8  for the th r e e - ,  fou r-, and f iv e -w e e k -o ld  s e e d l in g s ,  
r e sp e c t iv e ly .
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Table 1. Rice seed lin g 9 linear root d im ensions (u ).
Seedling DB0b DBj d b 2 DRT LRT
1 100 80 80 72 108
2 112 96 88 80 120
3 100 88 88 76 116
4 88 72 72 68 100
5 96 84 80 72 112
6 156 136 124 116 164
7 144 124 120 108 164
aAverage of 20 roots from each se e d lin g .
*?DBq, DB^, DB2 -  d iam eters, resp ective ly ;  at point of root emergence, 
at point a short d istan ce  toward t ip ,  and at point in middle of root. 
DRT -  diameter of root tip b a s e ,  LRT -  length of root tip including  
root cap (LRT = DRT + root cap le n g th ) .
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Table 2 . Cotton seed lin g 3 linear root dimensions (u).
Seedling DB0b DB1 DB2 DRT LRT
1 353 353 306 224 294
2 388 329 306 259 376
3 482 388 341 212 282
4 400 365 318 212 294
5 400 365 341 235 329
6 318 306 294 235 341
7 306 282 271 188 271
3Seed lings  1 and 7 (20 roots) ,  2 to 6 (10 roots).
DBq, D B i, DB2 -  d iam eters, respectively; at point of root em ergence,  
at point a short d istance toward tip , and at point in middle of root. 
DRT -  diameter of root tip b a se ,  LRT -  length of root tip including  
root cap (LRT = DRT + root cap len g th ) .
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Table 3 .  Samples of actual linear root dim ensions based  on m easure­
ments from tb ree -w e ek -o ld  rice and cotton seed lin g s  (u ) .
Root DB0a DB! d b 2 DRT LRT
1 80
Rice
76 80 64 96
2 68 60 52 52 84
3 80 60 60 56 80
1 294
Cotton
247 259 188 318
2 294 235 247 176 270
3 235 235 259 165 259
aDBg, D B j, DB2 -  d iam eters, respective ly ;  at point of root em ergence ,  
point a short d istance toward t ip ,  and at point in middle of root.
DRT -  diameter of root tip b a se ,  LRT -  length of root tip including  
root cap (LRT = DRT + root cap len g th ) .
Table 4 .  Sam ples of ac tu a l area m easurem ents and c a lcu la t io n s  made on th r e e -w e e k - o ld  r ice  and cotton
s e e d l in g s  (u^).
Root AB0a ABX ART AMR PART PAMR SART SAMR
1 5024 4544 4160
Rice
3200 4096 2736 13344 9264
2 3632 2832 3520 2240 2912 1808 9440 6112
3 5024 2832 3520 2720 2992 2096 9760 7088
1 67958 47889 44291
Cotton
29066 39862 23668 128996 80138
2 67958 43460 38754 27682 31834 20761 103529 70450
3 43460 43460 29066 20761 28374 18132 92318 61315
aABg, ABj -  b asa l c r o s s - s e c t io n a l  areas of roo ts ,  r e sp e c t iv e ly ,  at point of emergence and a short 
d istance from that point; ART, AMR -  measured planar areas of root tips with and without root caps, 
respectively; PART, PAMR -  ca lcu lated  planar areas of root tips with and without root c a p s ,  r e sp e c ­




Table 5 . Relations betw een ca lcu lated  planar areas3 (Y) and
measured areas (X) of r ic e -se e d l in g  root tips as shown  
by regression  and correlation c o e f f ic ie n ts .
Root tips with root caps Root t ins without root caps
R egression Correlation R egression Correlation
C oefficient^ C oeffic ien t C oeffic ient C oeffic ient
Seedling (Y onX) (Y onX)
1 0.9.44c 0 .999 0 .8 3 9 0 .999
2 0 .884 0.993 0.825 0.988
3 0.961 0.997 0 . 831 0.996
4 1.070 0 . 981 0 . 87 1 0.978
5 0.917 0 .997 0.845 0.998
6 0.932 0.997 0 . 857 0 . 996
7 1.002 0 .989 0 . 901 0 . 95 1
aPlanar area of the root tip i s  the area projected on a flat surface and 
i s  equivalent to the area of a median longitudinal se c t io n .
bEach regression  and correlation co eff ic ien t  w as ca lcu la ted  from 
measurements made on 20 roots.
CA11 r e g r e ss io n  and corre lation  c o e f f ic ie n t s  are h igh ly  s ig n if ic a n t  (at
1% l e v e l  of p r o b a b il ity ) .
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Table 6 . Relations betw een  ca lcu lated  planar areas9 (Y) and measured 
areas (X) of co tto n -seed lin g  root tips as shown by regression  
and correlation c o e f f ic ie n t s .
Root tips with root caps Root tips without root caps
Regression Correlation Regression Correlation
C oeffic ientk C oeffic ient C oeffic ient C oeffic ient
Seedling (Y on X) (Y on X)
1 0 . 9 4 7 c 0 . 989 0.883 0 .987
2 1.033 0.993 0 . 896 0 .990
3 0.878 0 . 961 0 . 88 1 0.986
4 0 . 940 0.993 0.823 0.992
5 1.058 0 .919 0 . 804 0.978
6 0 . 706 0.955 0.677 0 .936
7 0.808 0 . 95 1 0.828 0.947
a
Planar area of the root tip is  the area projected on a flat surface and 
i s  equivalent to the area of a median longitudinal s e c t io n .
kin seed lin g s  1 and 7 each regression  and correlation coe ff ic ien t  w as  
calcu lated  from measurements made on 20 roots, in seed lin g s  2 to 6 
only 10 roots were measured.
CA11 r e g r e ss io n  and corre lation  c o e f f ic ie n t s  are h igh ly  s ig n if ica n t
(at 1% l e v e l  of p ro b a b il ity ) .
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Table 7 .  Relations betw een ca lcu lated  planar areas (Y) and measured 
areas (X) of r ic e -  and co tto n -seed lin g  root t ips as shown by 
regression  and correlation c o e f f ic ie n ts3 ca lcu la ted  from 






Rice With root cap 0.8928 0. 9995
Without root cap 0.8555 0 . 9997
Cotton With root cap 0.9138 0 . 9978
Without root cap 0.8465 0 .9964
aAll regression  and correlation co e ff ic ien ts  are highly s ignificant  
(at 1% le v e l  of probability).
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Table 8 .  Relations betw een surface areas of individual r ic e -se e d l in g  
root tips with root caps (Y) and c r o ss-sec t io n a l  areas of their  
root b a se s  (X) as shown by regression  and correlation  
c o e f f ic ie n t s .
Seedling
SARTa vs  ABn SART vs ABj
R egression  
C oeffic ien t  
(Y on X)
Correlation
C oeffic ien t
Regression  
C oeffic ien t  
(Y on X)
Correlation
C oeffic ien t
1 3 . 186b 0.829 6 . 22 9 0.914
2 1.799 0.873 2 . 80 3 0 . 9 20
3 1.956 0.869 3 . 23 2 0 . 88 7
4 0 . 623 0 . 650 2 . 043 0 . 779
5 3 .283 0 . 780 3 .442 0 . 917
6 1.487 0.752 2 .268 0 . 878
7 2 . 42 6 0.941 3 . 009 0.935
aSART -  ca lcu lated  surface area of the root tip with root cap; ABQ, AB-̂  -  
b asa l cr o ss -se c t io n a l  areas of root, re sp e c t iv e ly ,  at point of root 
emergence and at point a short d istance from b ase  toward t ip.
^All r eg r e ss io n  and corre lation  c o e f f ic ie n t s  are h igh ly  s ig n if ic a n t
(at 1% le v e l  of p ro b a b il ity ) .
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Table 9 . Relations b etw een  surface areas of individual r ic e -se e d lin g  
root tips without root caps (Y) and c r o ss-se c t io n a l  areas of 
their root b a s e s  (X) as shown by regression  and correlation  
c o e f f ic ie n t s .
SAMRa v s  ABn SAMR vs ABi
Seedling
Regression  




R egression  




1 2 . 4 7 3b 0.809 4 . 8 7 7 0 . 89 9
2 1.300 0 . 890 1.941 0 . 8 99
3 1.443 0.916 2 . 256 0 . 885
4 0.425 0 .621 1.294 0 . 6 9 1
5 2 . 109 0.774 2 . 2 3 0 0 . 91 9
6 1.093 0 .750 1.752 0 . 9 2 0
7 1.801 0.930 2.169 0 . 89 7
aSAMR -  ca lcu lated  surface area o f the root tip without root cap; 
ABq , AB  ̂ -  basal cr o ss -se c t io n a l  areas of root, resp ec t iv e ly  at 
point of root emergence and at point a short d istan ce  from b ase  
toward t i p .
^All r eg r e ss io n  and correlation  c o e f f ic ie n t s  are h igh ly  s ig n if ica n t
(at 1% le v e l  of p ro b a b il ity ) .
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Table 10. Relations between surface areas of individual co tton -
seed lin g  root t ip s  with root caps (Y) and cro ss-sec t io n a l  
areas of their b a s e s  (X) as  shown by regression  and corre­
lation c o e f f ic ie n t s .
Seedling
SARTa vs ABo SART ys AB-|
R egression  
C oefficient  
(Y on X)
Correlation
C oeffic ien t
R egression  




1 0 . 993*b 0. 551* 0 . 701* 0 . 476*
2 1.706* 0. 646* 2 . 498** 0 .861**
3 0 . 088* 0. 651* 0 . 276* 0 . 717*
4 0 . 630** 0. 842** 1.175** 0.796**
5 0.  112 0 . 2 81 0 . 59 6 0.393
6 0 , 5 2 6 0 . 3 89 0 . 98 6 0 . 4 77
7 0 . 0 59 0 .005 0 . 851* 0 . 480*
aSART -  ca lcu la ted  surface area of the root tip with root cap; ABg, AB  ̂ -  
b a sa l c r o ss -sec t io n a l  areas of root, re sp e c t iv e ly ,  at point of root 
emergence and at point a short d istance from b ase  toward t ip.
b * -  Significant (at 5% le v e l  of probability),
** -  Highly s ignificant (at 1% lev e l  of probability).
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Table 11. Relations betw een  surface areas of individual co tton -
seed lin g  root t ip s  without root caps (Y) and c r o s s - se c t io n a l  
areas of their root b a se s  (X) as shown by regression  and 
correlation c o e f f ic ie n ts .
Seedling
SAMRa vs  ABo SAMR vs ABi
R egression  
C oefficient  
(Y on X)
Correlation
C oeffic ien t
R egression  




1 0 . 7 7 i * * b 0.562** 0.587* 0. 525*
2 1.058* 0. 688* 1.612** 0.949**
3 0 . 084* 0. 694* 0 .284** 0.818**
4 0.445** 0.812** 0. 825* 0. 762*
5 0 . 075 0. 257 0.322 0 . 29 1
6 0 .4 29 0 .442 0.629 0 . 424
7 0. 123 0 . 170 0.703** 0. 591**
aSAMR -  ca lcu lated  surface area of the root tip without root cap; 
ABq , AB  ̂ -  b asa l c r o s s - s e c t io n a l  areas of root, re sp ectiv e ly  at 
point of root em ergence and at point a short d istan ce  from b ase  
toward t i p .
k *Significant (at 5 % le v e l  of probability).
**Highly s ign ificant (at 1% le v e l  of probability).
Table 12. R elations b e tw een  areas o f  root t ip s  with and w ithout root ca p s  (Y) and areas of
their  root b a s e s  (X) c a lcu la te d  from av era g es  of s e e d l in g  m easurem ents for r ice
and c o tto n .
Plant Root Tip
Root tip area v s  ABg Root tip area v s  AB-|
Regression  









Rice With root cap 2 .213**b 0.979** 2 . 714** 0.981**
Without root cap 1.639** 0.984** 2.006** 0 .984**
Cotton With root cap 0.078 0.102 - 0 . 0 6 0 - 0 . 0 3 9
Without root cap - 0 . 0 0 3 - 0 . 0 0 5 0 . 094 0.093
aABQ, AB  ̂ -  area of b asa l diameter of root, re sp e c t iv e ly ,  at point of root emergence and 
at point a short d istance toward tip from b a s e .
b** -  Highly s ign ificant (at 1% le v e l  of probability.
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Table 13. Diameters of primary seminal and adventitious roots of rice 
as measured in several s e e d l in g s .
Type of root
Seedling age  
(weeks) Average diameter (u)
Primary 3 525
Primary 4 45 0
Primary 5 360
Thin adventitious5 all 320
Thick adventitious a ll 620
A d v en t it io u s  roots are brace roots of nodal origin.
Table 14. Diameters of rice branch roots borne on adventitious rootsa 
in 7 length c l a s s e s  as measured in severa l seed lin g s  .
Length C la ss  (cm)____________________________ Average diameter (u)
0 -  .5 85
. 5 - 1  120
1 - 2  165
2 - 4  210
4 - 6  255
6 - 8  300
8 - 1 0  315
aAdventitious roots are brace roots of nodal origin .
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Table 15 . Diameters of rice branch roots in  13 length c l a s s e s  as  
measured in several s e e d l in g s .
Length C la s s  (cm)__________________________ Average diameter (u)
0 -  .5 61
.5 -  1 69
1 -  2 116
2 - 4 15 0
4 - 6 174
6 - 8 196
8 - 1 0 216
12 -  14 220
14 -  16 275
16 -  18 191
18 -  20 225
22 -  24 225
26 -  28 270
Table 16. Summary of number, le n g th ,  a rea , volum e and w e ig h t of r ice  s e e d l in g  roots
























tota l root 
length  
cm
101 5 .6 28 . 5 0 .215 0.145 0 . 020 0 . 044 1619 751 .0
102 4 . 9 31 .9 0.255 0.158 0 . 022 0 . 052 1550 822 .5
103 4 .3 23 . 4 0 .185 0.117 0. 016 0.033 1182 621.5
104 3 . 6 18.3 0 .155 0 .101 0.015 0.029 882 458 .2
105 4 . 5 25 .2 0 .210 0.118 0 .016 0.039 1406 693.5
106 5 . 8 32 . 2 0 .255 0 .154 0 .020 0 . 05 0 1807 871 . 8
107 3 . 3 18.8 0.155 0.098 0 . 01 2 0 .030 1179 523 .5
108 4 .7 25 . 6 0.245 0.128 0.020 0.043 1371 670 . 0
Total 36 . 7 20 4 . 0 1.675 0.018 0. 141 0 . 320 10996 541 2 . 0
Mean 4 .6 25 . 5 0.209 0.127 0.018 0 . 04 0 1374.5 676 .5
Standard
deviation .8725 5 .312 0 . 0414 0 . 0231 0 . 0034 0. 0086 291 .9 141.1
Standard
error .3085 1.878 0 . 0146 0.0082 0. 0012 0. 0031 103.2 49 . 9
co
Table 17. Summary of number, le n g th ,  a rea ,  volum e and w e ig h t  of r ice  s e e d l in g  roots
(s e e d l in g s  three w e e k s  o ld ,  w ith n e m a to d e s ) .
Measured C alculated  C alculated
N /100  C alculated root root Root dry Shoot dry Total N o. .total root
Seedling NaOH root area volume volume weight weight of roots length
N o._________ ml________ UjTi_________cm________cm__________g__________g____________________ cm
109 3 .4 19.0 0 . 15 0 0. 096 0 . 01 4 0.023 963 501 . 2
110 3 . 1 14.7 0 . 15 0 0.063 0.013 0.018 840 411 .5
111 2 . 9 9 . 7 0 . 14 0 0 .050 0.013 0.019 375 230 . 2
112 3 . 3 13 .2 0 .130 0.063 0.014 0 .020 619 3 3 6 . 0
113 3 . 4 15.1 0.175 0.073 0.014 0 .024 649 372.5
114 3 . 1 11.6 0 . 150 01060 0.013 0.023 477 277.8
115 3 . 5 13.5 0.195 0.068 0 . 014 0.022 623 333 .2
116 3 .2 13.8 0 . 150 0.068 0.013 0 . 021 731 348.5
Total 25 .9 110.6 1.240 0.540 0.  108 0 . 170 52 77 281 1 . 0
Mean 3 .2 13.8 0.155 0.067 0 . 014 0.021 659 .6 351 . 4
Standard
deviation 0 . 1996 2 . 7028 0. 0205 0.0135 0 . 0006 0.0022 187.9 82 . 1
Standard
error 0 . 0706 0 . 9556 0.0073 0 . 0048 0 . 0002 0. 0008 6 6 .4 29 . 0
Table 18. Summary of number, le n g th , area , volum e and w e ig h t  of r ice  s e e d l in g  roots
(s e e d l in g s  four w e e k s  o ld ,  n em a to d e -free ) .
Measured C alculated  Calculated
N /100  C alculated root root Root dry Shoot dry Total N o . total root
NaOH root area volume volume w eight weight of roots length
2 3 3ml cm cm cm g g cm
121 6 .4 40 . 8 0 .225 0.186 0.022 0 .0 8 0 2050 1066.5
122 7 . 4 51 . 2 0 . 23 0 0.226 0.  023 0 . 080 2991 1409.0
123 5 . 5 34 . 5 0 .180 0. 154 0 . 018 0.058 1783 928.2
125 7 . 2 4 9 . 2 0 . 29 0 0.247 0 . 024 0.102 2666 1258.0
126 5 . 5 45 .2 0 .202 0.238 0 . 019 0.079 2265 1148.0
127 7 . 7 5 1 . 1 0 .295 0.272 0 . 024 0 . 100 2223 1255 .0
128 5 .3 36 . 3 0 . 19 0 0 . 18 0 0 . 018 0.065 2010 947.2
Total 4 5 . 0 308 .2 1.612 1.503 0 . 149 0.563 15988 8012 . 0
Mean 6 .4 4 4 . 0 0 .230 0.215 0.021 0 . 080 2284 1144.6
Standard
deviation 1.0128 6.9722 0. 0461 0 . 0421 0.0027 0 . 0161 414 .5 176.5
Standard
error 0 . 3828 2.6352 0 . 0174 0.0159 0 .0010 0 . 0061 156.7 66 . 7
Seedling
No.
Table 19. Summary of number, le n g th ,  a rea , volum e and w e igh t of r ice  s e e d l in g  roots
(s e e d l in g s  four w e e k s  o ld ,  w ith  n em a to d es) .
Measured C alculated C alculated
N /100 Calculated root root Root dry Shoot dry Total No. total root
Seedling NaOH root area9 volumeq volume weight weight of roots length
No. ml cm cm rrm g g cm
129 5 .8 34 . 5 0 . 250 0.166 0.023 0.067 1535 843 .2
130 6 .4 38 . 7 0 . 280 0.172 0 . 024 0 . 082 1676 990 .8
131 4 . 9 36 . 3 0 . 21 0 0 . 150 0.019 0.083 1871 998 .5
132 4 .5 34 . 3 0 . 16 0 0.148 0.017 0 .061 1603 902.5
133 7 . 4 52 . 2 0 . 240 0.229 0.028 0.095 2947 1420.5
134 8 . 6 6 9. 6 0 . 41 0 0.429 0 . 034 0.136 2914 1632.5
135 8 . 8 53 .5 0 . 47 0 0.350 0.032 0 .101 2136 1224.5
136 7 . 9 45 .9 0 . 360 0.216 0.022 0.097 1934 1129.5
Total 5 4 . 3 365 .1 2 . 380 1.861 0.199 0.723 16616 9142 . 0
Mean 6 .8 45 .6 0 .298 0.233 0.025 0 . 090 20 77 1142 .8
Standard
deviation 1.6418 12.338 0 . 1061 0 . 1032 0 . 00 60 0 .0231 5 6 1 . 0 271 . 3
Standard
error 0. 5805 4 . 36 2 0.0375 0.0365 0 . 0021 0.0082 198.3 95 .9
4=.
thO
Table 2 0 .  Summary o f number, le n g th ,  a rea , volum e and w e ig h t  of r ice  s e e d l in g  roots




















Shoot dry Total N o.  
weight of roots
g










5 7 .2  
69 .2 
45 .0
0 .4 5 0
0 .6 0 0







0 .177  








Total 3 0 .0 171.3 1.410 1.050 0 .0 9 0 0 .4 8 4 7805 3913 .2
Mean 10.0 5 7 .1 0 .4 7 0 0 .3 5 0 0 .0 3 0 0.161 2601 .7 1304.4
Standard
deviation 0 .8185 12.105 0 .1212 0 .1229 0 .0049 0 .0249 2 4 2 .0 164.4
Standard
error 0 .4726 6 .989 0 .7 0 0 0 .0710 0 .0028 0 .0144 139 .7 9 4 .9
a Low ligh t in te n s ity  in  g r e e n h o u s e .
Table 2 1 .  Summary o f  number, le n g th ,  a rea , volum e and w e ig h t  of r ice  s e e d l in g  roots
( s e e d l in g s  f iv e  w e e k s  o ld ,  w ith  n e m a to d e s ) .3
Measured Calculated C alculated
N /100  C alculated root root Root dry Shoot dry Total No. total root
Seedling NaQH root area9 volumert volume weight weight of roots length
No. ml cm cm cm g g cm
153 6.8 5 3 .3 0 .4 6 0 0 .3818 0 .029 0 .128 1745 1058.2
154 8.8 71 .6 0 .6 4 0 0 .3893 0 .0 4 0 0 .1 7 0 3296 1751.0
155 7 .2 4 7 .6 0 .5 2 0 0 .2624 0 .0 3 0 0 .1 4 1 1668 1086.8
156 8.8 5 7 .0 0 .580 0 .3239 0 .0 3 4 0 .148 1900 1288.5
Total 3 1 .6 229 .5 2 .200 1.357 0 .1 3 4 0 .586 8609 5184 .5
Mean 7 .9 5 7 .4 0 .5 5 0 0 .339 0 .033 0 .147 2152 .2 1296.1
Standard
deviation 1.0520 10.218 0 .0775 0 .0590 0 .0051 0 .0176 768 .6 32 0 .1
Standard
error 0 .5260 5 .1 0 9 0 .0387 0 .0295 0 .0026 0 .0088 3 8 4 .3 160.0
Low light in te n s ity  in  g r e e n h o u s e .
Table 2 2 .  Summary of number, le n g th ,  a rea ,  volum e and w e igh t of r ice  s e e d l in g  roots
(s e e d l in g s  f iv e  w e e k s  old , nem atode-free).a
Seedling
N o.
















C alculated  
Shoot dry Total N o. total root 
w eight of roots length
g cm
145 32 .5 261 .3 1 .620 1.600 0 .085 0 .465 10385 5 3 5 9 .0
146 26 .2 183.0 1 .280 1.057 0 .075 0 .403 7176 4005 .2
147 3 6 .9 2 6 4 .4 2 .2 0 0 1.697 0 .113 0 .5 2 1 8406 5152 .5
Total 9 5 .6 70 8 .7 5 .1 0 0 4 .3 5 5 0 .2 7 4 1.389 25967 14516.8
Mean 31 .9 23 6 .2 1 .700 1.452 0 .0 9 1 0 .463 86 5 5 .7 4838 .9
Standard
deviation 5 .3 7 8 46 .1681 0 .4652 0 .3449 0 .0 1 9 6 0 .0592 1619.0 729 .3
Standard
'
error 3 .1 0 5 26 .655 0 .2686 0 .1 9 9 1 0 .0113 0 .0342 9 3 4 .7 4 2 1 .1
a High light in te n s i ty  in g r ee n h o u se .
cn
Table 23 . Summary of number, len g th , a rea , volum e and w e igh t of r ice  s e e d l in g  roots




























149 2 2 .0 131.0 1 .010 0 .8554 0 .056 0 .242 4062 2499 .0
150 15.8 123.0 0 .9 8 0 0 .9506 0 .053 0 .209  - 4253 2343 .8
151 16.5 144.3 1 .400 0 .9742 0.069 0.305 5721 2903.5
152 15.6 100.5 0 .910 0.6235 0 .054 0 .228 3311 2009 .0
Total 69 .9 4 9 8 .8 4 .3 0 0 3 .4 0 4 0.232 0 .984 17347 9755 .2
Mean 17.5 124.7 1.075 0 .851 0 .058 0 .246 4336 .8 2438 .8
Standard
deviation 3 .0 4 1 18.362 0 .2207 0 .1601 0 .0076 0 .0416 1008.4 371 .2
Standard
error 1.521 9 .1 8 1 0 .1103 0 .0800 0 .0038 0.0208 5 0 4 .2 185.6
a
High ligh t in ten s ity  in  g ree n h o u se .
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Table 2 4 . Relations betw een the volume of NaOH so lu tion9 (Y) and 
ca lcu la ted  total surface area (X) of rice seed lin g  root 






R egression  
C oeffic ien t  
(Y on X)
3 Nem atode-free . 9 13**b . 150**
3 Nematodes .653 .048
4 Nem atode-free .865** .125**
4 Nematodes .852** .113**
5 Nem atode-free .991** .120**
5 Nematodes .918** .13 1**
(All) Both .986** .128**
a
0 .0 1  N required to  neutralize the hydrochloric acid 0 .1  N coating r ic e -  
seedling  root s y s te m s .
b** _ j j ig h ly  s ig n if ic a n t  (at 1% l e v e l  of p ro b a b il ity ) .
Table 25. Effect of Criconemoides onoense Luc 1959 on rice seed lin gs  (s ta tis t ica l  s ign if ican ce  
of the data presented in Tables 16-23 ).
Seedling Standard error
age Treatment mean difference of mean
(weeks) Measurement (nematode-free) -  (nematode-infested) difference T value
NaOH .01 N 1.350 0 .3 1 6 4 .2 6 6 * * b
Surface area 11.668 2 .1 0 7 5 .537**
Measured volume 0 .054 0 .0 1 6 3 .308**
C alculated volume 0 .060 0 .0 1 0 6.315**
3 Root dry weight 0 .0 0 4 0 .0 0 1 3.288**
Shoot dry weight 0 .019 0 .0 0 3 5 .935**
Total number of roots 715 .000 123.000 5 .824**
Total root length 325 .000 5 7 .7 0 0 5 .633**
NaOH .01 N -0 .3 5 9 0 .695 -0 .5 1 6
Surface area - 1 .6 0 2 5 .096 -0 .3 1 4
Measured volume -0 .0 6 8 0 .0 4 1 -1 .6 4 5
C alculated volume -0 .0 1 8 0 .0 4 0 -0 .4 5 2
4 Root dry weight - 0 .0 0 4 0 .002 - 1 .7 2 0
Shoot dry weight - 0 .0 1 0 0 .010 -0 .9 7 8
Total number of roots 207 .0 0 0 253 .000 0 .819
Total root length 1 .821 117.000 0 .016
(continued)




' Treatment mean difference  




NaOH .01 N 2 .1 0 0 0 .707 2 .970*
Surface area -0 .2 8 3 8 .6 5 7 -0 .0 3 3
Measured volume - 0 .0 8 0 0 .0 8 0 - 1 .0 0 0
C alculated volume 0 .0 1 1 0 .077 0 .143
5Aa Root dry weight -0 .0 0 3 0 .0 0 4 -0 .7 8 5
Shoot dry weight 0 .014 0 .0 1 7 0 .8 3 0
Total number of roots 4 4 9 .0 0 0 4 0 9 .0 0 0 1.099
Total root length 8 .2 9 2 186 .000 0 .045
NaOH .01 N 14.392 3 .4 5 7 4 .163**
Surface area 111 .530 28 .192 3.956**
Measured volume 0.625 0 .2 9 0 2 .1 5 2
C alculated  volume . 0 .6 0 1 0 .215 2 .801*
5B Root dry weight 0 .0 3 3 0 .012 2 .768*
Shoot dry weight 0 .2 1 7 0 .0 4 0 5 .421**
Total number of roots 431 9 .0 0 0 1062.000 4 .067**
Total root length 2 400 .000 4 6 0 .0 0 0 5 .216**
aA -  low light in tensity  in green h ou se , B -  high light in tensity  in g reen h ou se .
k * -  Significant (at 5% le v e l  of probability),





Table 2 6 .  Relation betw een  numbers of Criconemoides on oen se  Luc 





C . onoense per pot
C alcu lated  root 
surface area per 
pota cn?
C . onoense  
per root 
surface area
3 816 55 .32 15
4 1428 182 .52 8
5 9600 36 4 .1 6 26
aFour seed lin g s  per p o t .
Table 27 . Averaae in it ia l  and final numbers of Criconem oides onoense  




Pot s iz e  
ml
Number of C . onoense per pot
Number in 
25 0 ml so il
Initial, Final % increase Initial Final
3 4000 732 816 11.5 183 51
4 7000 1281 1428 11.5 183 51
5 25000 4575 9600 109.8 183 96
/  /  
/ /
DRT
Figure 1. Diagram of a branch root showing i t s  d im ensions.
DBg, DB- ,̂ DB2 -  d iam eters, respectively; at point 
of root em ergence, at point a short d istance toward tip ,  
and at point in middle of root. DRT -  diameter of root 
tip b a se .  DPR -  diameter of parent root.
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LRT
Figure 2. Diagram of a root tip showing its  d im ensions.
X = diameter of root tip (DRT) and length of root 
tip without root c a p .
LRT = length of root tip including root cap (RC).
Figure 3 .  Photograph of the root system  of a four-w eek-old  rice  
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ROOT LENGTH (CM)
Figure 4 . Relation between branch root diameter and length (based  
on data from Table 15).
Figure 5. Photograph of the root system  of a four-w eek-old  rice 
seed ling  grown in so il  in fested  with Criconemoides  
onoense Luc 1959.
?i>
Figure 6 . Enlargement of a portion of the root system  of a four-week^old rice




This work show s that root tips o f rice and cotton  seed lin gs  with 
and without root caps are paraboloidal in  shape and that their areas 
can be ca lcu lated  with appropriate mathematical equations from linear  
measurements. This is  probably true a lso  of older plants of th e se  two  
sp e c ie s  as w e l l  as  other s p e c ie s  of p la n ts .  Root t ip s  with root caps  
were c lo se r  to paraboloids in shape than root tips without root caps  
s in ce  the regression  c o e ff ic ien ts  of ca lcu lated  planar areas on 
measured areas in the former were c lo ser  to unity.
This work show s a lso  that there i s  a definite mathematical re la ­
tionship  betw een surface areas of root t ip s  and c r o s s - se c t io n a l  areas  
of their root b a se s  in  rice s e e d l in g s .  The surface area of the root tip 
with root cap w as  about 2 .3  tim es the c r o s s - s e c t io n a l  area of the root 
base  at the point of emergence from parent root. The regression  
co eff ic ien ts  of the surface areas of root tips on areas of the b a ses  
were somewhat variable in the different seed lin gs  but most of them 
were c lo s e  to the v a lu es  ca lcu lated  from seed ling  a v era g es .  Values 
ca lcu lated  from seed lin g  averages were more representative of the 
relationship betw een th e se  two variables than v a lu es  ca lcu lated  from 
individual root measurements .
In the c a s e  of cotton seed lin gs  there w as no co n s is ten t  s ta t is t ic a l  
s ign if ican ce  in the correlation and regression  co eff ic ien ts  relating areas
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of root b a ses  and root tips of individual s e e d lin g s .  C oeffic ients  
ca lcu lated  from seed ling  averages were a ll nonsign ificant. Accord­
in g ly , no precise  relation could be estab lish ed  from this study between  
surface areas of root tips and c r o s s - se c t io n a l  areas of the roots of 
cotton.
H ollis (14) in his theoretical treatment of the action of plant 
parasitic nematodes on their hosts  assum ed a 1:1 relationship between  
the surface area of the root tip and area of the root b ase  at the point of 
em ergence. In th is  study the root tip w as arbitrarily defined as the  
region behind the root cap where the length equals the diameter. In 
the c a se  of rice s e e d lin g s ,  the relationship would have defin ite ly  been  
c lo se r  to 1:1 had the root tip been defined to include a smaller region.
Most of the previous quantitative in vestigation s  on the h o s t -  
parasite relationship of p lant-parasitic  nematodes have dealt with root 
or shoot w eights  or e ffects  on y ie ld s .  The present stud ies  provide the 
first ex ten sive  data on the e ffec ts  of a p lant-parasitic  nematode on the  
number, volum e, length, and surface area of roots .
A preliminary description of symptoms caused  by C_. onoense on 
rice seed ling  roots revealed that C . onoense had two distinct e ffects  
on rice seed ling  roots. The first e f fec t ,  which w as  co n s is ten t  in all  
seed lin gs  grown in in fested  s o i l ,  probably resulted from the action of 
the nematode on the root t ips of rice s e e d lin g s .  Affected root tips were 
distorted and knotted and apparently lost  their ability  for normal growth
and developm ent. As a result the roots became shorter and the whole  
root system  had a finely  knotted and ga lled  appearance. This is  the  
first ev id en ce  of g a l ls  caused  by a s p e c ie s  of the genus C riconem oides . 
However, a s p e c ie s  of the c lo s e ly  related genus Hemicvcliophora has  
been  shown to ca u se  galling o f  the root t ip s  of some Citrus sp e c ie s  as  
w e l l  as some other host plants (28, 29). The second  effect of the 
nematode on rice seed lin gs  w a s  the highly s ignificant reductions in 
root dimensions including volum e, surface, area , length, number, and 
dry w eigh t ,  in addition to redubtions in shoot dry w eigh t. These reduc­
t ions were evident in th ree-w eek -o ld  seed lin gs  and in light-favored
f iv e -w e e k -o ld  s e e d l in g s .  The ab sence  of s ignificant reductions in}
root dimensions of four-w eek-o ld  seed lin gs  can be explained by the 
low nematode-root ratio . There w as only eight nematodes per square 
centimeter of root surface area in four-w eek-old  seed lin gs  in  contrast 
to 15 and 26 in th ree-  and f iv e -w e e k -o ld  s e e d l in g s ,  resp ectiv e ly .
T his , however does not explain the lack of s ignificant reductions in 
root dimensions of f iv e -w e e k -o ld  seed lin gs  that were not ligh t-favored .  
The discrepancy in th is c a se  could have been due to other factors .
The malformations and other abnormalities observed on roots of 
rice plants grown in in fested  s o i l  were ind icative  of the pathogenic  
action of_C_. o n o e n se . Quantitative e ffects  of th is  nematode on the 
dimensions of rice seed ling  roots provided further evidence of pathogenic
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e f fe c t s ,  or a combination of parasitic  and pathogenic e f fe c ts  which 
could not be separated.
Conventional methods of studying the action  of p lant-parasitic  
nematodes on their h o sts  by weighing roots and tops and observing  
and photographing root abnormalities show gross  e ffec ts  only and do 
not show what i s  really happening to the root system . The quantity of 
the very fine tertiary and quaternary roots (assuming they are carefully  
extracted) are not properly represented as  w e ig h t .  In a fu ll grown 
plant, th e se  two root categories  a lo n e ,  w h ile  not weighing very much, 
provide the  ̂bulk of the number of branch roots (and root tips) of its  
root system , as w ell  as more than half its  length and surface area. 
Root number, length , and surface area are n ecessary  for cr it ica l  
evaluation of e ffects  of plant-parasitic nematodes on their h o s ts .
The techniques and methods used  here were simple but t im e-  
consum ing. An approach which proved e s p e c ia l ly  usefu l w a s  the 
determination o f the root system  volume by two methods; a direct 
method b ased  on water d isp lacem ent, and an indirect method based  
on ca lcu la tions from length and diameter m easurem ents. These com­
parisons provided valuable checks on accuracy of the d eta iled  
measurements of root d im ensions.
The sp e c if ic  gravity bottle method w as exce llen t for accurately  
measuring the volume of small root sy s te m s .  Pinkas et al (23) 
described an apparatus for measuring the volume of small root system s
61
attached to the p lant. The method used  here can  y ie ld  more accurate 
figures and is  recommended when the root system  can be separated  
from the plant.
Acid-dip t e s t  resu lts  showed a highly s ign ificant relationship  
b etw een  the amount of hydrochloric acid coating a root system  and its  
surface area, a s  ca lcu la ted  from d im ensions. This te s t  i s  a rapid 
method for comparison of relative surface areas of root sy s te m s .
SUMMARY
Three-w eek-old  rice and cotton seed ling  roots showed a regular 
pattern of tapering along their entire len g th s ,  with their diameters 
being largest at the point of emergence from parent r o o ts . The 
diameter decreased  s ligh tly  a short d istance from the point of 
emergence and then it became more or l e s s  uniform until a short 
distance from the t ip .  The diameter c lo se  to the root tip again  
decreased progressively  and became minimal at the t ip .  Rice 
roots were more uniform than cotton roots .
Measured planar root tip areas of th ree -w eek -o ld  rice and cotton  
seedling  r o o t s , with and without root c a p s , agreed c lo s e ly  with 
the same areas calcu lated  as parabolas from linear measurem ents. 
This relationship proved highly s ign ificant when the correlation  
and regression  coeff ic ien ts  were ca lcu la ted ,  indicating that the  
root tips of th e se  two plant s p e c ie s ,  with and without root c a p s ,  
are paraboloidal in shape and their surface areas can be ca lcu ­
lated as paraboloids from linear m easurem ents. Root t ip s  with root 
caps were c lo ser  to a paraboloid in shape than root t ip s  without 
root c a p s ,  as indicated by the regression  co e ff ic ien ts  of ca lcu lated  
areas on measured a rea s .
In the c a s e  of rice s e e d l in g s ,  paraboloidal surface areas of root 
tips (defined as  the portion behind the root cap where the length
equals the diameter) showed a highly s ignificant p osit ive  correla­
tion with the c r o s s - se c t io n a l  areas of root b a s e s .  Regression  
co e ff ic ien ts  of paraboloidal surface areas of root t ips  on c r o s s -  
sec tio n a l areas of their root b a se s  were a lso  highly s ign if ican t.
The surface area of the root tip with root cap w as about 2 .3 times  
the c r o s s - s e c t io n a l  area of the root b a se  at the point of em ergence.  
In cotton seed lin gs  no relation could be e s ta b lish ed  betw een  th ese  
two variables b ecau se  there was no con sis ten t s ig n if ica n ce  of 
correlation and regression  c o e f f ic ie n t s .
Diameters of three-  to f iv e -w e e k -o ld  rice seed ling  branch roots 
were related to their length . When the roots were small the diam­
eter increased  rapidly with increase  in length . The rate of diam­
eter increase  diminished with in crease  in root length until the root 
diameter became more or l e s s  constant.
Rice seed lin g s  grown in so i l  in fes ted  with Criconemoides onoense  
Luc 1959 showed two distinct e f fe c ts  of the nematode on the root 
sy s te m s .  The first e ffec t ,  which w as  co n s is ten t  in a ll  seed lin gs  
grown in in fested  s o i l ,  involved the root t ip s .  Affected root tips  
were d istorted, and knotted and the roots were shorter and had 
fewer branches. The whole root system  had a finely-knotted  
appearance. The second effect  of the nematode on r ice -seed lin g  
roots w as  the occurrence of highly s ign ificant reductions in root 
dim ensions, including volum e, surface area, length , and number,
and th ese  e f fe c ts  were accompanied by reductions in root and 
shoot dry w e ig h ts .  These reductions occurred in  th ree-w eek -o ld  
seed lin g s  and in light-favored f iv e -w e e k -o ld  s e e d l in g s .
The surface area of the root system s w as measured by two m ethods. 
The first w as  a relative measure using an acid -d ip  technique in 
which the root system  w as  dipped in  hydrochloric ac id , rinsed in 
d is t i l led  water and the w ash-w ater  titrated with sodium hydroxide 
so lu tion . The second method w a s  by ca lcu lation  from length and 
diameter m easurem ents. Values obtained from both methods were 
sign ificantly  correlated.
The root volume was a lso  determined by two m ethods. The first 
method w as based  on water d isplacem ent and the second w as  by 
calcu lation  from length ^nd diameter m easurem ents. Data from 
both methods were in agreement and the approach provided a check  
on the accuracy of deta iled  measurements of root d im en s io n s .
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